Restriction site mapping of mitochondrial DNA with 23 restriction endonucleases was used to examine the genetic and phylogenetic relationships of populations of D. silvestris and D. heteroneura from the island of Hawaii. Two morphological races of D. silvestris are known on the island of Hawaii. One has three bristle rows on the tibia of the foreleg and is found on the east side of the island. The other is found on the west side of the island and has the ancestral bristle row character of two rows on the tibia of the foreleg. All D. heteroneura have the ancestral bristle row character state. We demonstrate that mtDNA restriction site analysis can also differentiate the two D. silvestris races, and that the two bristle row D. silvestris are more closely related to D. heteroneura than they are to their three bristel row conspecifics using both distance and character state analysis. Our study (which uses six base recognition restriction endonucleases) is not sensitive enough to determine the phylogenetic relationships of populations within either of the D. silvestris lineages.
INTRODUCTION
Considerable morphological differentiation exists between D. silvestris and D. heteroneura. They can be distinguished by distinctive body colour differences and pigmentation of the costal margin of the wing and most strikingly by the extreme difference in head shape. This is elongated along the lateral axis in D. heteroneura, while the effect is more pronounced in males (Spieth, 1981; Val, 1977; Templeton, 1977) . The elongated head is a derived morphological trait as it is absent from D. d(fferens and D. planitibia, the two closest relatives of D. heteroneura and D. silvestris which are found on older islands. The distinctive head shape differences are probably secondary sexual characteristics involved in the courtship ritual of these flies (Kaneshiro, 1983) . There is considerable ethological isolation between D. silvestris and D. heteroneura (Ahearn et a!., 1974; Kaneshiro, 1976; Ahearn and Templeton, 1985) , although viable and fertile hybrids have been collected from nature (Kaneshiro and Val, 1977) and can be generated in the laboratory (Ahearn et a!., 1974; Kaneshiro and Val, 1977; Ahearn and Templeton, 1985) .
Attempts to analyse the processes involved in the speciation of D. silvestris and D. heteroneura have been complicated by the recent discovery that two distinct D. silvestris lineages exist and can be identified using morphological (Carson and Bryant, 1979; Carson, 1983; Carson and Teramoto, 1984; Carson and Lande, 1984) and behavioural data (Kaneshiro and Kurihara, 1982; Kaneshiro, 1983) . The presumed ancestral state of two bristle rows is observed in the closely related species D. d(fferens (from Molokai) and D. planitibia (from Maui). Populations of D. silvestris from the west side of Hawaii as well as all D. heteroneura have the ancestral state of two bristle rows. The D. silvestris from the east side of Hawaii have a third irregular row of cilia on the dorsal surface of the front tibia. This is probably a derived morphological character and is important in the courtship ritual of these flies (Spiess and Carson, 1981; Carson, 1983; Kaneshiro, 1983; Carson and Teramoto, 1984) .
Classical approaches to genetic analysis such as studies of chromosome inversions (Carson and Kaneshiro, 1976; Carson, 1983) and isozyme analysis (Craddock and Johnson, 1979; Johnson et a!., 1975) reveal a high genetic similarity between and within these two species. No fixed isozyme variants nor fixed chromosomal inversions have been found (Carson, 1983) . Hunt and Carson (1982) have shown that a small but significant amount of single copy nuclear DNA sequence variation exists (0.6 per cent) and we (DeSalle et a!., 1985) have shown the existence of substantial mtDNA restriction site variability. Restriction site analysis of mtDNA may hence be useful in the genetic analysis of these species.
Here we utilise mtDNA variation in a phy- (Carson and Yoon, 1982; Hunt and Carson, 1982) . DNA isolation and manipulation were as described in DeSalle et a! (1985) . Restriction fragment patterns from an additional seven enzymes to the 16 used in the analysis of DeSalle et a!. (1985) were analysed in this study (Bst Eli, Bst XI, Nru I, Nco I, Pst I, Sec II and Xba I) to give a total of 23. Complete restriction maps of the individuals analysed can be found in DeSalle (1984) and are available on request.
(ii) Distance measures and phenetic trees
We have used Ewens et al.'s (1981) distance measure in all phases of this study. Distance measures obtained by the Engels (1981) , Nei and Li (1979) and Hudson (1982) methods are comparable, but not always correlated (Ewens, 1983) . Minimal mutational distances were calculated using the phylogenetic analysis using parsimony (PAUP) program, kindly supplied by Dr David Swofford of the Illinois Natural History Survey at the University of Illinois. Unweighted pair grouping with arithmetic averaging (UPGMA) (Sneath and Sokal, 1973 ) was used to generate phenetic diagrams from the p genetic distance measure of Ewens et a!. (1981) . PAUP was used to generate Wagner networks from the presence or absence data of each phylogenetically informative restriction site in this study. PAUP was also used to determine the restriction site state of the hypothetical ancestors of closely related individuals.
(iii) Phylogenetic analysis and hypothesis testing
To determine phylogenetic branching orders we have used PAUP to construct maximum parsimony phylogenies from data on the presence or absence of each restriction site in the various taxonomic units examined. Maximum parsimony phylogenies were then evaluated using Templeton's (1983b) hypothesis testing algorithm. Plausible alternative phylogenies generated on the basis of existing genetic, morphological and biogeographical data were compared to the best mtDNA maximum parsimony phylogenies. The changes in restriction site state required to make a given topology consistent with the data were also computed by PAUP. In this way a list of convergent events for each enzyme and for each topology was obtained. In tests between two topologies, the types of convergence that occur for each restriction enzyme were compared for each topology, and scored according to the criteria of Templeton (1983a, b) . The scores were ranked and the Wilcoxon matched pair test was used to determine the probability that one topology was better than the other. The best maximum parsimony phylogenies and the best alternative phylogenies were examined in light of the two phylogenetic questions posed above. 28 distinct mtDNA haplotypes. Wagner network analysis of presence/absence data is presented in fig. 2 . Attempts to find equal minimal length topologies from the data set using Wagner distance methods give the same overall topology as in fig. 2 , and changed only the topologies within the major clusters of the network shown. The exact branching orders of the D. silvesIris from the east side might be inferred if enough fixed restriction site differences exist. Such an analysis revealed no fixed restriction site differences between the Olaa and Piihonua populations.
RESULTS (i) Descriptive Results and Phylogeny Estimation
In fact, these two populations shared five polymorphic restriction sites. The same general trends of relationship, are hence seen in the Wagner analysis as in the UPGMA analysis.
(ii) The use of hypothetical ancestors in estimating phylogeny Templeton's (1983b) order that deserves consideration is shown in fig.  5 as Phylogeny IV. This topology coincides with a strict taxonomic branching order and implies a close relationship of all west and east side D. heteroneura. Phylogeny V represents the topology which fared the best in tests against Phylogeny II. In fact, any topology that involved the branching of the D. heteroneura line W48G3 from Hualalai in any position other than the one shown in Phylogeny V may be statistically rejected (p <0.05).
The Hualalai populations are pivotal in the evolution of these two species (Carson, 1983; Kaneshiro and Kurihara, 1982; Kaneshiro, 1983) . As the ancestral Hualalai population probably provided the founder of the east side D. silvestris (Kaneshiro and Kurihara, 1982) , we have tested topologies in which each of the three distinct mtDNA lineages from Hualalai share the most recent common ancestor with the east side D. silvestris (Phylogenies V, VI and VII in fig. 6 ). Finally, we have examined the possibility that because of the recent divergence of these species and the observation that hybridisation between the two species may have occurred, geographic location dictates branching order (Phylogeny VIII, fig. 5 ). Table 4 shows the results of applying Templeton's algorithm in the comparison of these various phylogenies. All alternative phylogenies were 
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FigureS Five additional plausible topologies which were tested against Phylogeny II. See text for rationale for each phylogeny and description of each phylogeny. Taxa are numbered as in fig. 3 . initially compared to Phylogeny II from fig. 3 . When a phylogeny was shown to be as good as this, it was then compared to all the other phylogenies shown in fig. 5 . This analysis showed that Phylogeny VI was as probable as Phylogeny II. These two differ only in the placement of one of the D. heteroneura from Hualalai (W48G3). All other phylogenies had low probabilities in comparison with Phylogeny II. In agreement with our analysis in fig. 4 , table 4 shows that Phylogeny II is seven to eight times more likely than Phylogeny V, the phylogeny utilising classical taxonomy cou- Table 4 Wilcoxon matched pairs signed rank tests in fig. 5 pled with some hybridisation. We have also compared Phylogeny V to all the alternative phylogenies in fig. 5 fig. 2) . Application of Templeton's algorithm allows the statistical significance of the separation of these two morphological types to be tested ( fig. 4 ). Craddock and Johnson (1979) present isozyme studies which suggest "strong divergence" of west side D. silvestris from their east side conspecifics. Sene and Carson (1977) , on the other hand, suggest that very little differentiation is shown electrophoretically. The present study on mtDNA includes four restriction sites which show fixed differences between the populations of D. silvestris from the two sides of Hawaii.
It appears from mtDNA restriction sites that hybridisation of D. silvestris and D. heteroneura may have occurred on the west side of Hawaii (DeSalle et a!., 1985) . In accordance with the mtDNA data, suspected hybrids of these two species have indeed been taken in the field at a west side collecting site (Kaneshiro and Val, 1977) . Hybridisation of these two species with subsequent swamping out of the D. silvestris mtDNA lineage by the D. heteroneura mtDNA lineage might explain the large genetic distance between the east side and west side D. silvestris and implies a high degree of similarity between D. heteoneura and west side D. silvestris at sites where hybridisation is suspected to have occurred. Although certain D. silvestris mtDNA lineages are indeed more similar to D. heteroneura (W48B2 in fig. 3) since it (W48G3) comes from a locality where hybridisation is suspected, it might alternatively be the case that the lineage which gave rise to W48G3 was the product of ancient hybridisation with the two row D. silvestris at Hualalai. Phylogeny II is consistent with the morphological data in that no convergence of morphology is required to explain bristle row and head shape in this topology. Whichever of the two phylogenies is superior, one unexpected result emerges, as both imply that the two row D. silvestris are closer (VI) or as close (II) to D. heteroneura as they are to the three bristle row D. silvestris.
The evolutionary history for present day populations of D. heteroneura and D. silvestris may therefore reflect their origin from an ancestor or ancestors closely related to D. planitibia of Maui and D. diferens of Molokai (Kaneshiro, 1976) . The initial ancestral population was probably established at Hualalai. The position of the Hualalai flies in the mtDNA phylogenies (II and VI) also demonstrates that they are pivotal in the evolutionary history of these flies (Kaneshiro and Kurihara, 1982; Carson, 1983; Kaneshiro, 1983) . From this ancestral population at least three distinct mtDNA lineages diverged. One lineage includes the three bristle row D. silvestris which spread to the rainforests on the east side of Hawaii.
On the west side the two remaining lineages, the two bristle row D. silvestris and D. heteroneura have experienced limited hybridisation, which has had little effect on the overall integrity of the mtDNA lineages. The closer relationship of the west side D. silvestris to D. heteroneura is also reflected in the ability to obtain viable Fl from the interspecific crosses (Ahearn et al., 1974; Ahearn and Templeton, 1985) . In fact, hybrids of two bristle row or west side D. silvestris with D.
heteroneura appear to be more successful in mating experiments than hybrids between three bristle row D. silvestris and west side D. silvestris (Ahearn and Templeton, 1985) . This, in conjunction with mtDNA data suggests a recent and perhaps incomplete divergence of these two lineages. The D.
heteroneura lineage then spread to the east side of Hawaii. We infer that the east side D. heteroneura are relatively closely related to the west side D.
heteroneura by the genetic distance data and Wagner analysis, which show their clustering. This conclusion is also supported by the bristle row data of .
